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Reduction in Hemoglobin–Oxygen
Affinity Results in the Improvement
of Exercise Capacity in Mice With Chronic Heart Failure
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Objectives This study examined whether a reduction in hemoglobin–oxygen affinity improves exercise capacity in mice with
heart failure.
Background Exercise intolerance is a major determinant of quality of life in patients with chronic heart failure. One of the
major goals of the treatment for chronic heart failure is to improve quality of life.
Methods Four weeks after left coronary ligation, we transplanted bone marrow cells isolated from the transgenic mice
expressing a hemoglobin variant with low oxygen affinity, Presbyterian, into the lethally irradiated mice with
heart failure or administered a synthetic allosteric modifier of hemoglobin. The mice were then exercised on a
treadmill.
Results Four weeks after the left coronary artery ligation, mice showed cardiac dysfunction and chamber dilation, which
were characteristics of heart failure. The transplantation led to a reduction in hemoglobin–oxygen affinity and an
increase in oxygen supply for skeletal muscle without changes in muscle properties. The transplanted mice
showed improved running performance on a treadmill despite impaired cardiac contractility. Furthermore, ad-
ministration of the synthetic allosteric modifier of hemoglobin showed a similar effect.
Conclusions Allosteric modification of hemoglobin represents a therapeutic option for improving exercise capacity in patients
with chronic heart failure. One mechanism of improvement in exercise capacity is enhanced oxygen delivery in
the skeletal muscle. (J Am Coll Cardiol 2008;52:779–86) © 2008 by the American College of Cardiology
Foundation











the 3 major goals of treatment for chronic heart failure
CHF) are to reduce symptoms, prolong survival, and
mprove quality of life (1). A nearly universal manifestation
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ccepted June 3, 2008.f CHF is a reduction in exercise capacity, which diminishes
uality of life. The pathophysiology of exercise intolerance
n this syndrome is incompletely understood, but it is
elieved to be multifactorial.
The oxygen (O2) affinity of hemoglobin (Hb), a tet-
americ protein consisting of - and -globin subunits, is
ritical for gas exchange in the lung and O2 delivery in the
eripheral tissues. A variety of mutations in the genes of -
nd -globin have been reported, one of which, hemoglobin
resbyterian (HbPres), carries lysine at asparagine-108 of
-globin and shows a low Hb–O2 affinity in vitro (2). We
reviously reported that mutant mice, carrying the Presby-
erian mutation generated with a targeted knock-in strategy,
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cluding mild anemia, respiratory
acidosis, enhanced tissue oxygen-
ation, increased O2 consump-
tion, a higher ratio of type IIA/





known as RSR13, is a synthetic
allosteric modifier of Hb that acts
to increase the release of O2 from
Hb to the surrounding tissues
(3,4). This agent markedly shifts the
Hb–O2 curve rightward in both in
vitro and in vivo rodent models
hrough the stabilization of deoxyhemoglobin in a manner similar
o the natural allosteric effecter of Hb, 2, 3-diphosphoglycerate.
In the present study, we investigated whether a reduction
n Hb–O2 affinity could improve exercise capacity of CHF
ice by transplanting bone marrow cells (BMCs) obtained
rom the HbPres mice or by the administration of RSR13.
e showed that a reduction in Hb–O2 affinity leads to
mproved running performance on a treadmill despite im-
aired cardiac function.
ethods
his study was carried out under the supervision of the
nimal Research Committee in accordance with the
uidelines on Animal Experiments of Osaka University
nd the Japanese Government Animal Protection and
anagement Law (no. 105).
MC transplantation. The BMCs were obtained by
ushing the bone marrow cavity of femurs of 6-week-old
eterozygous Presbyterian mice with a C57Bl6/J back-
round (2) and C57Bl6/J (wild-type [WT]) mice. The 5 
06 cells were intravenously injected into WT mice irradi-
ted with a single whole-body dose of 10 Gy (5).
etection and quantification of Pres-globin and red
lood cell oxygen dissociation curve. Erythrocytes lysate
ample containing 50 g Hb was subjected to reversed-
hase high-performance liquid chromatography, as previ-
usly described (6). Oxygen dissociation curve measure-
ents were performed at pH 6.9 and 7.4 at 37°C as we
reviously reported (7).
urgical procedure and in vivo assessment of cardiac
unctions. Eight-week-old male WT mice were anesthe-
ized with sodium pentobarbital (50 mg/kg, intraperitone-
lly), and silk thread (7-0 type) was passed around the left
oronary artery (LCA) about 1 mm distal to the LCA origin
8). Echocardiography and hemodynamic measurements
ere performed on mice as we previously described (8,9).
raining and exercise protocol. Exercise was performed
Abbreviations
and Acronyms
BMC  bone marrow cell
BMT  bone marrow cell
transplantation









WT  wild typen a treadmill (10). Four weeks after bone marrow cell pransplantation (BMT), mice were initially trained 3 times
aily for 10 min for 3 days. The velocity of the treadmill was
0 m/min. Then, the exercise test was performed. The mice
nderwent 1 exercise session, which consisted of running on
treadmill at 10 m/min at a gradient of 0° for 30 min. The
unning of mice was video recorded for measuring the
eriods for running and resting.
nalysis of tissue O2 and characterization of muscle
ber. Four weeks after BMT, an O2 electrode with a
hermocouple (Needle-type electrode, Laboratory and
edical Supplies, Tokyo, Japan) was inserted into the left
astrocnemius muscle to measure tissue O2 in a double-
hamber plethysmograph (2).
Muscle fiber type classification and succinate dehydro-
enase (SDH) activity were examined as previously re-
orted (2). Total SDH activity was measured as previ-
usly described (11). Capillary density from tibialis
nterior muscle was measured using von Willebrand
actor antibody.
hysical activity after RSR13 intravenous injection. Twelve-
eek-old male WT mice were initially trained 3 times per
ay for 10 min. The velocity of the treadmill was 15 m/min.
he mice were then exercised 5 times per week for 30 min
t 15 m/min for 3 weeks. The RSR13 was synthesized
3), dissolved in dimethyl sulfoxide and 2-amino-2-
ydroxymethyl-1,3-propanediol/4-(2-hydroxyethyl)-1-
iperazineethanesulfonic acid (pH 7.4), and injected intra-
enously (150 mg/kg) (12). Thirty minutes after the
njection, the exercise test was performed. The exercise test
onsisted of running at 15 m/min for 30 min on a level
urface, during the next 30 min on a 5° incline, and for the
ast 30 min on a 10° incline. The run was calculated every 30
in. To examine the effect of RSR13 on exercise capacity in
yocardial infarct (MI) mice, male mice were used 4 weeks
fter LCA ligation. The mice were initially trained 3 times
aily for 10 min for 3 days at a treadmill velocity of 10
/min, followed by the exercise test. The graded exercise
est was performed for 90 min at a constant speed of 12.5
/min for first 30 min, followed by 30 min at an incline of
°, and another 30 min at an angle of 10°.
tatistical analysis. All experiments were performed in a
linded fashion. Results are shown as mean  SEM.
aired data were evaluated by the Student t test. A
ne-way analysis of variance with the Bonferroni post hoc
est was used for multiple comparisons. For the analysis
f exercise capacity, data were evaluated by nonparamet-
ic methods. A value of p  0.05 was considered
tatistically significant.
esults
nalysis of peripheral blood cells in the mice trans-
lanted with Presbyterian BMCs. The BMC obtained
rom femurs of heterozygous Presbyterian or WT mice
ere transplanted into WT mice. Reversed-phase high-
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eaks for the -chain (Fig. 1A), which enabled the estima-
ion that 32.2  5.8% (n  5) of the Hb in the peripheral
lood consisted of HbPres. Genotyping of BMC revealed
hat 43.2% of BMC obtained from Presbyterian BMT mice
ad the Presbyterian allele. In O2 dissociation plots, red
lood cells prepared from Presbyterian BMT mice showed
rightward shift in comparison with control subjects (Fig.
B). At pH 6.9, Presbyterian BMT mice showed a more
xtensive rightward shift than at pH 7.4 (P50  99 mm Hg
Figure 1 Characterization of Transplanted BMCs
(A) Detection of Presbyterian  (Pres)-globin. Reversed-phase high-performance
liquid chromatography profiles of hemolysate prepared from WT (top) or Presby-
terian bone marrow cell (BMC)-transplanted (bottom) mice. The peaks of -glo-
bin, WT (WT-globin), and Pres-globin are indicated. (B) The O2 dissociation
curves of the red blood cells from WT and Presbyterian BMC-transplanted mice
measured at pH 7.4 (open circles and triangles) or at pH 6.9 (closed circles
and triangles). Circles and triangles indicate WT and Presbyterian BMC trans-
planted mice, respectively. BMT  bone marrow cell transplantation;
Pres  Presbyterian; WT  wild type.or Presbyterian BMT and 86 mm Hg for WT BMT at pH B.9; P50  54 mm Hg for Presbyterian BMT and 48 mm
g for WT BMT at pH 7.4).
ffect of Presbyterian BMT on exercise capacity of CHF
ice. The 8-week-old WT mice were subjected to LCA
igation (Fig. 2A). Four weeks later, echocardiographic
nalysis indicated that the left ventricular end-diastolic and
nd-systolic diameters showed comparatively significant
ncreases (Table 1). Cardiac contractility as assessed by
ractional shortening was significantly reduced. Infarcts
ausing this degree of CHF did not result in early mortality
n our mouse model (8). The BMC isolated from the
ransgenic mice expressing Presbyterian Hb or from WT
ice were then transplanted into the lethally irradiated
ham-operated or MI WT mice. No mice died during 4
eeks after BMT. Echocardiography showed no significant
ifferences in chamber size or cardiac function between
ham-operated WT BMC-transplanted (Sham-WT BMT)
nd sham-operated Presbyterian BMC-transplanted
Sham-Pres BMT) groups, nor between MI WT BMC-
ransplanted (MI-WT BMT) and MI Presbyterian BMC-
ransplanted (MI-Pres BMT) groups either before or 4
eeks after BMT (Table 1, Fig. 2B). In addition, the
hamber size and cardiac function of any group showed no
hanges between before and 4 weeks after BMT. These
ndings suggest that either WT or mutant BMT had no
ffect on cardiac remodeling. Catheterization of the left
entricle revealed a similar extent of impaired cardiac
unction in both MI groups (Fig. 2C). The heart weight to
ody weight ratio and cross-sectional area of cardiomyocytes
t remote area in the MI-WT BMT or MI-Pres BMT
roups were increased compared with sham-operated con-
rol subjects, but there were no significant differences
etween the MI-WT BMT and MI-Pres BMT groups
Figs. 2D and 2E). The lung weight to body weight ratio
as not different among groups. We observed enhanced
ardiac fibrosis at the border area of MI-WT BMT and
I-Pres BMT hearts to a similar degree (Fig. 2F). The
eripheral blood cell analysis performed 4 weeks after BMT
ndicated that Sham-WT BMT, MI-WT BMT, Sham-
res BMT, and MI-Pres BMT mice did not show anemia,
nd the number of red blood cells, Hb level, and serum
rythropoietin level did not significantly differ among all
roups (data not shown). Furthermore, there were no
ignificant differences in the pH, PaCO2, and PaO2 level of
rterial blood among all groups (data not shown).
Four weeks after BMT, the mice were exercised on a
readmill at 10 m/min and at a 0° gradient for 30 min
Fig. 3A). The MI-WT BMT mice used a longer total
esting time during the exercise test than sham-WT BMT
ice, whereas Presbyterian BMT enabled MI mice to run
or a longer time (Fig. 3A). The Presbyterian BMT resulted
n decreased total resting time during the exercise test,
hich was not significantly different from that for
ham-WT BMT or Sham-Pres BMT mice. As a result,
I-Pres BMT mice could run 292.6 4.2 m, but MI-WTMT mice could only run 189.3  37.7 m (Fig. 3B).
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(A) Experimental protocol. The LCA ligation operation was performed on 8-week-old WT mice. Four weeks after LCA ligation, echocardiographic analysis was performed and
BMCs were transplanted into the lethally irradiated WT mice. Then, 4 weeks after BMT, the mice were echocardiographically analyzed again and subjected to the treadmill test.
(B) Echocardiographic analysis findings before BMT (4 weeks post-operatively) and before the treadmill test (8 weeks post-operatively). (C) Hemodynamic data of the mice 4
weeks after BMT. Light blue, blue, yellow, and red bars represent Sham-WT BMT, MI-WT BMT, Sham-Pres BMT, and MI-Pres BMT, respectively. (D) Morphometric data from the
mice 4 weeks after BMT. (E) Hematoxylin-eosin stain of heart section and cross-sectional area of cardiomyocytes at remote area. (F) Cardiac fibrosis in border and remote area
with Azan-Mallory staining. BMC  bone marrow cell; HR  heart rate; HW/BW  heart weight to body weight ratio; LCA  left coronary artery; lungW/BW  lung weight-to-body
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ice were exposed to 15% O2 for 4 min, and tissue O2 was
easured with an O2 electrode. During the exposure, the
issue O2 of MI-Pres BMT mice was retained and sustained
higher level than MI-WT BMT mice (Fig. 3C). These
esults suggest that more O2 is delivered to the tissues of
I-Pres BMT mice than of MI-WT BMT mice over a
ertain range of hypoxic conditions. Serum lactate level after
xercise was significantly higher in MI-WT BMT mice
han in MI-Pres BMT mice (Fig. 3D).
Figure 3 Effect of Pres BMT on Exercise Capacity in MI Mice
(A and B) Physical activity of BMT mice on a treadmill. Total rest time is shown in
distance run is shown in (B). Open triangles and closed circles represent MI-Pres
0.05 versus at corresponding time point. (C) Changes in tissue O2 (PtiO2) in BMT
mice, respectively. Data show the means  SEM (n  3). *p  0.05 versus at co
sent the means  SEM (n  6 for MI-WT BMT mice and n  8 for MI-Pres BMT m
hysiological Parameters and Echocardiographic Analysis of In Vivond Function by Echocardiography 4 and 8 Weeks After Left Coron
Table 1 Physiological Parameters and Echocardiographic Analyand Function by Echocardiography 4 and 8 Weeks Afte






(n  6) (n
BW, g 25.8 0.6 25.9 0.4 26.1 0.4 25.9
LVIDd, mm 3.40 0.12 5.56 0.46*† 3.42 0.12 5.67
LVIDs, mm 1.88 0.06 5.04 0.53*† 1.81 0.09 5.07
FS, % 44.3 1.4 10.4 2.3*† 46.8 1.3 11.6
IVSd, mm 0.66 0.03 0.22 0.01*† 0.64 0.07 0.21
LVPWd, mm 0.66 0.02 0.47 0.03*† 0.63 0.04 0.50
HR, beats/min 504 20 500 14 481 34 524
our weeks after sham operation or MI, mice were subjected to sequential echocardiography just
p  0.05 versus sham-operated Pres-BMT mice.
BW  body weight; FS  fractional shortening; HR  heart rate; IVSd  end-diastolic intravent
eft ventricular internal dimension; LVPWd  end-diastolic left ventricular posterior wall thickness
ild-type bone marrow cell transplanted mice.haracterization of skeletal muscle in Presbyterian BMT
ice. We characterized the tibialis anterior muscle of
resbyterian BMT mice 4 weeks after BMT. There were
o significant differences in cross-sectional area between
he WT BMT and Presbyterian BMT groups (data not
hown). Histochemical staining for adenosine triphos-
hatase activity showed a similar percentage of type IIA
nd IIB fibers for both groups of mice (Figs. 4A and 4B).
he fiber type distributions were not affected by Presby-
erian BMT as long as 24 weeks after transplantation
ata represent the means  SEM (n  7). *p  0.05 versus other groups. The
and MI-WT BMT, respectively. Data indicate the means  SEM (n  7). *p 
during hypoxia. Closed circles and open triangles indicate MI-WT and -Pres BMT
nding time point. (D) Serum lactate level in BMT mice after exercise. Data repre-
p  0.05. Abbreviations as in Figures 1 and 2.
diac Sizertery Ligation
f In Vivo Cardiac Size
t Coronary Artery Ligation









26.3 0.6 26.2 0.4 26.2 0.5 25.9 0.2
*† 3.48 0.11 5.66 0.33*† 3.53 0.09 5.80 0.41*†
*† 1.94 0.05 5.11 0.40*† 1.92 0.05 5.21 0.45*†
† 44.0 0.7 10.3 2.2*† 45.5 0.7 10.5 1.4*†
*† 0.66 0.02 0.20 0.02*† 0.64 0.03 0.18 0.02*†
* 0.65 0.02 0.43 0.02*† 0.60 0.04 0.44 0.03*†
490 21 530 8 512 17 529 17
or 4 weeks after bone marrow transplantation. *p  0.05 versus sham-operated WT-BMT mice;
eptum thickness; LVIDd  end-diastolic left ventricular internal dimension; LVIDs  end-systolic
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itochondrial SDH activity in either type IIA or IIB
bers between the WT and Presbyterian BMT groups
Figs. 4A and 4C). Total SDH activity measured by
iochemical methods was not different in each group
Fig. 4D). These results indicate that Presbyterian BMT
Figure 4 Histological and Biochemical Analyses of Skeletal Mu
(A) Transverse sections of the deep region in the tibialis anterior muscle were sta
(SDH) activity (bottom). Scale bars indicate 50 m. Quantitative analysis results
Total SDH activity from tibialis anterior muscle measured by enzymological method
identified by staining with von Willebrand factor antibody. Capillary density was cal
power). Scale bars indicate 50 m. Abbreviations as in Figures 1 and 2.id not affect oxidative energy metabolism. Furthermore, uapillary density of the muscle was not altered in the
resbyterian BMT groups (Figs. 4E and 4F).
ffect of RSR13 on exercise capacity. We examined the
ffect of RSR13 (Fig. 5A) on exercise capacity of WT mice.
ecause both RSR13- and vehicle-treated mice could com-
lete a run for 90 min on a treadmill under the conditions
in BMT Mice
r adenosine triphosphatase activity (top) and for succinate dehydrogenase
scle type distribution and SDH activity are shown in B and C, respectively. (D)
3 for WT-BMT and n  5 for Pres-BMT mice). (E and F) Endothelial cells were
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evel treadmill, after which the gradient was increased by 5°
very 30 min. Control and RSR13-treated mice ran for a
imilar distance during the first 30 min, but RSR13 treat-
ent enabled the mice to run for a longer distance than the
ontrol mice thereafter (Fig. 5B). Next, we examined the
ffect of RSR13 on the exercise capacity of MI mice. Four
eeks after LCA ligation, MI mice were injected with
SR13 or a vehicle. The RSR13 had no effect on heart rate,
lood pressure, and echocardiographic parameters (data not
hown). The exercise test was then performed as described
or RSR-treated normal mice, except that the running speed
as 12.5 m/min because of the lower exercise capacity of
HF mice. Three days later, the exercise test was performed
gain, but each group received the opposite treatment from
he one received the previous session. The test was repeated
times. Up to 60 min, RSR13- and vehicle-injected mice
egistered a similar total resting time and running distance
Figs. 5C and 5D). After 60 min, however, the RSR13-
reated mice showed a significantly shorter total resting time
nd longer running distance than the control mice (running
istance for 30 min, RSR-treated: 344.7  19.7 m; control:
67.6  33.9 m).
iscussion
he main finding of the present study is that a reduction
n Hb–O2 affinity resulted in improvement of the exercise
Figure 5 Effect of RSR13 on Exercise Capacity of MI Mice
(A) Chemical structure of RSR13. (B) Effect of RSR13 on running distance by norm
started. Total distance run for each 30-min period are shown. C  vehicle-treated
capacity of MI mice. Four weeks after LCA ligation, RSR13 or vehicle was injected
started. Total rest time and distance run for each 30-min period are shown in C a
control subjects. Abbreviations as in Figure 2.apacity of CHF mice independent of cardiac function. Bhere still will be a risk that the short-term benefit in
erms of enhanced exercise capacity may shorten long-
erm survival or that the increased physical activity itself
ay lead to sudden death during exercise. A theoretical
rawback is that increasing oxygen delivery to tissues may
ead to the generation of oxygen free radicals, which can
e harmful to the cardiovascular system. In our experi-
ental setting, however, no mice died during the
ollow-up period of 24 weeks after BMT or during the
xercise tests, and Presbyterian BMT did not affect blood
as levels or cardiac function. Thus, the treatments described in
his study will provide a novel therapeutic strategy that im-
roves exercise tolerance without increasing mortality.
In this study, we examined the exercise capacity of MI
T mice transplanted with Presbyterian BMC rather than
I Presbyterian transgenic mice because the latter showed
nemia, acidosis, alteration in muscle properties, and in-
reased spontaneous physical activity (2), which may directly
r indirectly affect exercise capacity. The Presbyterian BMT
nd WT BMT mice did not show any differences in such
henotypic parameters. We used the different exercise
rotocols for the different therapeutic treatments to detect
ignificant effects of reduction in Hb–O2 affinity by BMT or
SR13 treatment on exercise capacity. Our results indicate
hat the BMT procedure including radiation alone substan-
ially reduced exercise tolerance. Although we cannot ex-
lude a possibility that the difference in sensitivity to the
ce. Thirty minutes after RSR13 or vehicle injection, the exercise test was
l group; R  RSR13-treated group. (C and D) Effect of RSR13 on exercise
e mice (n  4 each), and 30 min after the injection, the exercise test was
espectively. Data show the means  SEM. *p  0.05 versus correspondingal mi
contro
into th
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esults in terms of exercise capacity of mice with CHF, and
t is likely that Hb–O2 affinity is a major determinant in
xercise capacity.
The most common causes of exercise intolerance associ-
ted with CHF are the development of dyspnea caused by
ulmonary congestion and the failure of the heart to provide
ufficient blood flow to exercising muscles (1). A number of
ther peripheral factors may explain exercise intolerance,
ncluding abnormalities of vasodilatory capacity, endothelial
unction, ergoreflex activation, muscular metabolism, and
istribution of cardiac output (13). The impairment of
asodilatory capacity has been attributed to excessive sympa-
hetic stimulation, activation of the plasma renin–angiotensin
ystem, higher levels of endothelin, and impaired release of
itric oxide. Anaerobic metabolism occurs early during
xercise in CHF and is likely an important cause of exercise
ntolerance (14). Patients with CHF have shown a decrease
n oxidative type I fibers and an increase in glycolytic type
IB in the skeletal muscles (14). Levels of oxidative enzymes
f mitochondrial enzymes, including SDH, are decreased in
HF (15). In this study, the improved exercise performance
f Presbyterian BMT mice was not accompanied with
hanges in cardiac function, properties of skeletal muscle, or
ympathetic nerve activity (data not shown). In addition,
rowth factors or endothelial stem/progenitor cells con-
ained in BMC solution may function differently between
T and Presbyterian BMC. The fact that the acute
dministration of RSR13 showed a similar effect with
resbyterian BMT, however, excludes such possibilities.
urthermore, it is unlikely that slow processes such as
tructural alterations or metabolic changes containing pro-
ein synthesis are involved in the enhanced exercise capacity
y Presbyterian BMT. Thus, the mechanism producing
nhanced exercise capacity in response to the therapies
eems to be derived from enhanced O2 delivery in the
keletal muscle. However, it is still possible that reducing
b–O2 affinity may directly or indirectly affect a number of
entral or peripheral factors contributing to exercise intol-
rance in CHF. Although the exact underlying molecular
echanism for the improved exercise capacity remains to be
lucidated, this study clearly indicates that a synthetic
llosteric modifier of Hb, such as an RSR13, will be useful
or the treatment of patients with CHF to improve their
aily physical activity.
Because RSR13 is a relatively short-acting drug and can
e administered only intravenously, modification of the
rug is necessary for its clinical application. Further inves-
igations using larger animals over a longer period of time
ill be necessary to determine whether the reduction in Kb–O2 affinity and increased physical activity actually
enefit the lives of patients with CHF.
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